Phosphoribosylanthranilate isomerase (PAI) catalyzes the third step of the tryptophan biosynthetic pathway. Arabidopsis PAI cDNAs were cloned from a cDNA expression library by complementation of an Escherichia coli trpC-PAI deficiency mutation. Genomic DNA blot hybridization analysis detected three nonallelic genes encoding PAI in the Arabidopsis genome. DNA sequence analysis of cDNA and genomic clones indicated that the PA17 and PA12 genes are virtually identical with only a single conservative amino acid difference throughout the deduced coding region as well as extensive conservation of introns and flanking regions. PA13 shows less identity (90%) with PAI7 and PA12. All three PAI polypeptides possess an N-terminal putative plastid target sequence, suggesting that these enzymes all function in plastids. The PAI7 gene is flanked by nearly identical direct repeats of -350 nucleotides. Our results indicate that, in contrast to most microorganisms, the Arabidopsis PAI protein i s not fused with indole-3-glycerolphosphate synthase, which catalyzes the next step in the pathway. Yeast artificial chromosome hybridization studies indicated that the PA12 gene is tightly linked to the anthranilate synthase a subunit 1 (ASAI) gene on chromosome 5. PAI1 was mapped to the top of chromosome 1 using recombinant inbred lines, and PA13 is loosely linked to PAH. cDNA restriction mapping and sequencing and RNA gel blot hybridization analysis indicated that all three genes are transcribed in wild-type plants. The expression of antisense PAl7 RNA significantly reduced the immunologically observable PAI protein and enzyme activity in transgenic plants. The plants expressing antisense RNA also showed two phsnotypes consistent with a block early in the pathway: blue fluorescence under UV light and resistance to the anthranilate analog 6-methylanthranilate. The extreme nucleotide conservation between the unlinked PA17 and PA12 loci suggests that this gene family is actively evolving.
INTRODUCTION
The tryptophan biosynthetic pathway in higher plants not only produces an essential amino acid but also provides precursors for synthesis of a variety of secondary metabolites, including the hormone indole-3-acetic acid (Wright et al., 1991; Normanly et al., 1993) , antimicrobial phytoalexins (Tsuji et al., 1993) , alkaloids (Cordell, 1974) , and glucosinolates (Haughn et al., 1991) . Although we have asophisticated understanding of this amino acid biosynthetic pathway in microorganisms, work on the genetics and biochemistry of tryptophan biosynthesis in higher plants has only recently begun to receive close scrutiny (reviewed in Last, 1993; Rose and Last, 1994) . As shown in Figure 1 , mutants of Arabidopsis are now available at four steps in the tryptophan pathway. These rnutants have distinct phenotypic characteristics: trpl phosphoribosylanthranilate (PR-anthranilate) transferase mutants (defective in the PATl gene) are blue fluorescent under UV light due to Current address: lnstitute of Genetics, Academica Sinica, Beijing 100101. P.R. China. * To whom correspondence should be addressed. accumulation of anthranilate compounds (Last and Fink, 1988; Rose et al., 1992) ; trp4 anthranilate synthase p subunit (ASB) mutants have been identified as suppressors of the bluefluorescence mutation trpl-100 (Niyogi et al., 1993) ; trp3 tryptophan synthase mutants have been identified as resistant to 5methylanthranilate (Last and Fink, 1988 ; E.R. Radwanski and R.L. Last, unpublished results); and trp2 mutants are resistant to 5-fluoroindole (Last et al., 1991; Barczak et al., 1995) .
Because the enzyme plays an obligatory role in indolic secondary metabolism, it is desirable to obtain mutants with reduced phosphori bosylanthranilate isomerase (PAI) activity, which catalyzes the conversion of 5-phosphoribosylanthranilate to l-(O-carboxyphenylamino)-l-deoxyribulose-5-phosphate (CDRP; Figure 1 ). However, no such mutants have been reported, despite analysis of hundreds of thousands of mutagenized Arabidopsis Columbia (COLO) or Landsberg erecta (Ler) seedlings for the blue-fluorescence phenotype associated with accumulation of anthranilate compounds or resistance to toxic anthranilate analogs. We reasoned that failure to obtain such mutants is most likely due to a flaw in the isolation strategies employed or the expression of functionally redundant isoenzymes.
Genetic redundancy is extremely common in plants, including the relatively small genome of Arabidopsis (McGrath et al., 1993) , and the existence of multiple functional genes might have thwarted the identification of PAI-deficient mutants of Arabidopsis. In fact, gene duplication is a common feature of aromatic amino acid biosynthetic enzymes in flowering plants. For example, of the seven aromatic amino acid biosynthetic pathway enzymes for which genes were previously cloned from Arabidopsis, five were demonstrated to be encoded by two or more nonallelic genes: 3-deoxy-~-arabino-heptulosonate Fphosphate synthase (Keith et al., 1991) , 5-enolpyruvylshikimate-3-phosphate synthase (Klee et al., 1987) , anthranilate synthase a subunit (ASA; Niyogi and fink, 1992) , AS6 (Niyogi et al., 1993) , and tryptophan synthase l3 subunit (Berlyn et al., 1989; Last et al., 1991) . In some cases, it appears that the individual members of the gene families may serve distinct physiological functions. For example, although the 3-deoxy-D-arabíno-heptulosonate Fphosphate synthase and ASA enzymes are encoded by duplicate genes in Arabidopsis, only one gene for each enzyme is induced in response to wounding and pathogen attack (Keith et al., 1991; Niyogi and Fink, 1992) . Furthermore, the duplicate genes encoding ASA (Niyogi and Fink, 1992) and the tryptophan synthase p subunit (Last et al., 1991; Pruitt and Last, 1993) are differentially expressed in an organ-specific or developmentally regulated manner.
It is essential to obtain mutants blocked at all stages of the tryptophan biosynthetic pathway. Such a series of defective plants would allow the precise biochemical identification of the branch points leading to important "secondary" products. Mutants blocked at different steps in the pathway may accumulate different secondary products, some of which may confer interesting phenotypes or be useful for dissection of the pathways of aromatic secondary metabolism. Another advantage to obtaining a complete set of pathway mutants is that it will allow a rigorous assessment of the regulated and rate-limiting catalytic steps. Because it may be impossible to obtain Mendelian mutants in all steps of the pathway (especially those encoded by multigene families), we asked whether it would be possible to reduce the activity of an enzyme occurring early in the pathway, despite the existence of functional triplicate genes.
In this study, we report the isolation of cDNA and genomic clones encoding Arabidopsis PAI. There are three genetically unlinked genes (PAI7 to fAI3) for this enzyme, and they encode unusually highly related enzymes. Despite the genetic redundancy, expression of antisense PAI7 RNA in transgenic plants resulted in dramatically reduced levels of immunologically detectable PAI protein and enzyme activity. These antisense plants have phenotypes consistent with a reduced ability to convert PR-anthranilate to CDRP: they are blue fluorescent under UV light and resistant to 6-methylanthranilate.
These results indicate that antisense gene expression should complement the classic genetic analysis of the tryptophan pathway.
RESULTS lsolation of Arabidopsis PAI cDNAs by Suppression of an Escherichia coli trpC-Mutation
Functional complementation of microbial mutations has been used to isolate plant or animal cDNA or genomic clones for a variety of metabolic enzymes (for examples, see Henikoff et al., 1981; Elledge et al., 1991; Rose et al., 1992; Niyogi et al., 1993; Senecoff and Meagher, 1993) . To obtain clones for Arabidopsis PAI, we selected for cDNAs that would complement the E. coli trpC9830 mutation, which causes tryptophan auxotrophy due to a PAI activity defect (Yanofsky et al., 1971; Schechtman and Yanofsky, 1983) , and 18 were chosen for further characterization (pJL19 to pJL36; see Table 1 ). Characterization of the plasmids from these colonies demonstrated that each contained a 1.0-to 1.5-kb insert with very similar restriction maps; this is consistent with the isolation of cDNAs from either a single PAI gene or highly related genes. DNA sequence analysis confirmed that these cDNA inserts encode PAI polypeptides with similarity to the known microbial PAIS and that the cDNAs represent two distinct but remarkably similar enzymes (see following discussion).
Analysis of Arabidopsis PAI Genomic Clones
The results of DNA sequence analysis of the cDNA inserts suggested the existence of at least two similar genes encoding Arabidopsis PAI. The results of genomic DNA gel blot hybridization experiments, such as that shown in figure 2A , suggested that there were three such genes. For example, probing of genomic DNA digested with restriction enzymes EcoRI, Sacl, or Xbal, which do not cut within the 18 cDNA clones analyzed, each yielded sets of three hybridizing bands. In contrast, the PAI7 cDNA hybridized with six Xhol fragments, consistent with the observation that there is a single Xhol restriction site in each class of Arabidopsis cDNA clone identified.
The hypothesis that there are three detectabie genes encoding PAI was confirmed by probing Arabidopsis bacteriophage h genomic DNA libraries. Restriction enzyme mapping of the resultant clones indicated that approximately equal numbers of clones corresponded to the two classes of cDNAs (PAI7 and PAI2), whereas only one clone for the third locus (PAI3) was found. Detailed restriction maps were constructed for a single representative of each class of PAI genomic DNAs, as shown in Figure 28 . Comparison of these data with the genomic DNA gel blot hybridization patterns ( Figure 2A ) confirmed that there are three highly related genes encoding PAI isoenzymes in Arabidopsis.
Restriction enzyme mapping and DNA sequence analysis of fAI7, PAI2, and PA/3 genomic DNA sequences and comparison with PAI7 and PAI2 cDNA sequences revealed that all three are quite similar and that PAI7 and PAI2 are almost pBluescript II SK+.
identical. As shown in Figure 3 , there are five exons (protein coding sequences indicated in boldface) and four introns in each PAI gene, with the four introns ranging from 90 to 350 bp. Remarkably, PA17 and PAI2 are nearly identical not only within the protein coding regions but also within regions that are generally less highly conserved; this includes the introns and sequences that are 364 bp upstream of the presumed AUG initiator codons and 470 bp downstream of the inferred stop codons; in total, the region spanning -364 to +1972 nucleotides shows 99% nucleotide identity, as indicated in Figure   3 . In contrast, the region of high conservation of PA13with PA17 or PA12 extends from 63 bp upstream of the initiator codons through 56 bp downstream of the stop codons (from -82 to +1556, as shown in Figure 3 The existence of these repeats was verified by genomic DNA gel blot hybridization analysis using a cloned repeat element as a probe, which is shown in Figure 4 . Digestion with Hhal, which cleaves once within each element, yielded the expected strongly hybridizing fragment of 3.1 kb and two weaker junction bands. Digestion with Xhol resulted in two expected bands of 0.35 and 6 kb, each corresponding to one of the elements (Figure 4) . No other copies of this repeat sequence were detected by genomic DNA analysis under these hybridization conditions.
Comparison of the PAl1, PA12, and PAl3 Coding Regions
A comparison of the amino acid sequence of the predicted Arabidopsis and microbial PAI proteins is shown in Figure 5 . For each PAI gene, protein translation was assumed to start at the first AUG codon of the longest PAI cDNA (pJL169). The three genes are capable of encoding proteins of 275 amino acid residues, with calculated molecular masses of 29.6 kD. The PAI1 and PAI2 polypeptides differ only by a single conservative change of Glu to Asp at amino acid 136. The more divergent PAI3 has 18 amino acid residue differences compared with PAll and 19 compared with PA12. The inferred plant PAI protein contains severa1 conserved motifs among the microbial proteins. They include two domains of absolutely conserved amino acids (VGVF and VQLHG) as well as three other conserved domains (GGSG, LAGGI, and GIDVSSGI), as indicated by the boxed areas in Figure 5 . Overall, Arabidopsis PAI protein shares 20 to 27% amino acid identity with the various microbial proteins. As previously observed for other Arabidopsis enzymes of aromatic amino acid biosynthesis (Rose and Last, 1994) , the three Arabidopsis PAI proteins have N-terminal extensions not present in the corresponding microbial proteins ( Figure 5 ). Three lines of evidence suggest that these are plastid transit peptides. First, they are rich in positively.charged and hydroxylated amino acids, both characteristic of plant transit sequences (von Heijne et al., 1991) . In the first 65 amino acid Selected enzymes are shown with the gene copy number per haploid genome indicated in parentheses. The mutants of the tryptophan biosynthetic pathway (from chorismate to tryptophan) are given at the corresponding steps (trpl to trp4). DAHPS, 3-deoxy-D-arab/no-heptulosonate 7-phosphate synthase; EPSPS, 5-eno/pyruvylshikimate-3-phosphate synthase; CM, chorismate mutase; ASA, anthranilate synthase a subunit; ASB, anthranilate synthase P subunit; PAT, phosphoribosylanthranilate transferase; PAI, phosphoribosylanthranilate isomerase; InGPS, indole-3-glycerolphosphate synthase; TSA, tryptophan synthase a subunit; TSB, tryptophan synthase (5 subunit. The dashed line indicates that multiple steps are involved. P, phosphate.
residues, RAM and PAI2 each have 15 hydroxylated amino acids (Ser or Thr) and 12 positively charged residues (Arg, His, or Lys), whereas PAI3 has 17 hydroxylated amino acids and 13 positively charged residues. Second, a truncated PAI2 cDNA (pJL33) lacking the first 65 amino acid residues is able to complement the E. co// trpC9830 mutation, indicating that these 65 amino acids are not required for producing an active PAI enzyme. Third, the in vitro-synthesized PAI2 precursor protein is imported into purified spinach chloroplasts and processed into a smaller polypeptide , with the cleavage site shown by the arrow in Figure 5 .
Mapping of the Three Nonallelic PAI Genes
The very high degree of sequence conservation among the PAI genes suggested the possibility that these genes are physically linked. For example, a family of three highly similar Arabidopsis genes for chlorophyll a/b binding protein resides within an 11-kb region (Leutwiler et al., 1986) . To test for physical linkage of these PAI genes, we asked whether the genes reside on distinct yeast artificial chromosome ( Arabidopsis DMA (20 ng per lane) was digested with Hhal or Xhol, and the 0.35-kb direct repeat sequence, which is diagrammed below, was used as a probe during DMA gel blot hybridization. Hhal digestion produced an expected 3.1-kb strongly hybridizing band and two weaker junction bands. Digestion with Xhol resulted in two expected strong bands during DMA gel blot hybridization with the direct repeat sequence; the weaker band may have resulted from partial digestion.
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three YAC libraries (Ecker, 1990; Ward and Jen, 1990; Grill and Somerville, 1991) . A comparison of the coordinates of the YAC clones containing the PAI gene sequences with coordinates of YAC clones that previously had been mapped to chromosomes 4 and 5 of Arabidopsis (R. Schmidt, J. West, K. Love, and C. Dean, unpublished results) showed that five (EW5A4, EW7E12, EW9F12, EW16C1, and yUP3E1) of the six YAC clones containing the PAI2 gene sequences also contained sequences corresponding to ASA gene 1 (ASA1), which was previously mapped onto chromosome 5 (Niyogi and Fink, 1992; Jarvis et al., 1994) . This result, together with the YAC mapping results, places PAI2 on chromosome 5 in the immediate vicinity of ASA1, as shown in Figure 6 . It appears that these two genes are within 110 kb of each other because YAC clones EW5A4 and EW9F12 are 110 and 125 kb in length, and each contains sequences corresponding to both PAI2 and ASA1.
The PAH gene has been placed on the top of chromosome 1 by restriction fragment length polymorphism (RFLP) mapping of recombinant inbred lines (Lister and Dean 1993) . A RFLP for restriction enzyme Fokl was identified between Ler and Col-0, and this polymorphism was examined in 55 recombinant inbred lines. Linkage analysis placed the PAH polymorphism 3 centimorgans (cM) from marker m488. Screening of YAC libraries with a PAH probe identified YAC clones that also contain the previously described duplicate cDNA clone 171 (McGrath et al., 1993) . YAC clones EW13E7 and EW20B12 are 125 and 135 kb in length, and both clones hybridized to PAH as well as cDNA 171, suggesting that these sequences are separated by <125 kb. This result, together with the recombinant inbred mapping, places one of the loci corresponding to cDNA 171 close to PAH on chromosome 1 (Figure 6 ). The PAI3 gene was mapped at ~50 cM on chromosome 1, between markers nga280 and nga248 (J. Bender and G. Fink, personal communication). These results indicate that the three PAI genes are not tightly linked in the Arabidopsis genome.
PAI Is Not Fused to lndole-3-Glycerolphosphate Synthase
PAI is commonly synthesized as a fusion protein with one or two other enzymes of the tryptophan pathway in both fungi and bacteria. For example, it is fused with indole-3-glycerolphosphate synthase to form a bifunctional enzyme in E. coli (Christie and Platt, 1980 ) and other bacteria (Horowitz et al., 1983; Crawford et al., 1991) . These two activities are fused into a trifunctional protein containing the ASB in Neurospora crassa (Schechtman and Yanofsky, 1983 ) and other fungi (Sanchez etal., 1986; Choietal., 1988; Kosetal., 1988; Adams and Royer, 1990) . In contrast, the Arabidopsis PAIs appear to be synthesized as monofunctional proteins. For example, analysis of 1.5 kb upstream and 0.5 kb downstream of the PAI genomic DNA sequences revealed no homology with Arabidopsis indole-3-glycerolphosphate synthase or any other tryptophan biosynthetic pathway enzyme sequence. In agreement with the sequence results, an anti-PAl antibody cross-reacts with a 29-kD PAI polypeptide, which is the size predicted for PAI enzyme (see following discussion; see also Zhao and Last, 1995) . Furthermore, cDNAs for Arabidopsis indole-3-glycerolphosphate synthase are not homologous to the PAI genes (Li et al., 1995) .
Expression of PAH, PAI2, and PAI3
Although the high degree of sequence conservation suggested that all three genes are expressed, it was not clear whether the PAI3 gene was transcribed, because no PAIS cDNA clones were identified. Therefore, we directly tested this hypothesis by RNA gel blot hybridization. As shown in Figure 7A , a transcript of ~1.3 kb was observed when a PAH cDNA fragment (pJL48), which is expected to hybridize to products of all three genes, was used as a probe. A gene-specific oligonucleotide hybridization probe (JL2) provided a specific assay for the in vitro-synthesized PAI3 transcript, whereas oligonucleotide JL1 hybridized to PAH (and presumably also to the nearly identical (Tschumper and Carbon, 1980) ; Eco, E. coli (Horowitz et al., 1983) .
fA12) RNA (Figure 78 ). The gene-specific JL2 probe identified a transcript from total Arabidopsis leaf RNA ( Figure 7A ), indicating that fA13 is expressed in the leaf.
Consequences of Reduced PAI Expression: Antisense PAl7 Transgenic Plants
The observation that the Arabidopsis Col-O ecotype possesses three functional genes for the PAI enzyme may explain the inability to identify mutants defective for this enzyme, despite the recovery of numerous mutations affecting the previous enzyme in the pathway, PR-anthranilate transferase (Last and Fink, 1988; Rose et al., 1992 ; A.B. Rose and R.L. Last, unpublished data). It is desirable to obtain plants with reduced PAI activity because, in contrast to tryptophan synthasedeficient mutants (Wright et al., 1991; Normanly et al., 1993) , mutants altered in earlier steps of the pathway are expected to be defective in the synthesis of indolic secondary metabolites. Consistent with this hypothesis, frp7-7 auxotrophic mutants display a syndrome of morphological defects, consistent with an auxin defect (Last and Fink, 1988) . These consideraiions suggested the use of antisense RNA expression to reduce the synthesis of PAI protein. We reasoned that the high degree of nucleotide identity shared among the three genes made it likely that antisense expression of fA17 cDNA would also reduce the expression of the nearly identical fA12 gene and perhaps would affect all three genes. Transgenic plants containing the fAl7 antisense cDNA expressed from a cauliflower mosaic virus 35s promoter or the vector control were regenerated from Agrobacterium-infected Arabidopsis roots on medium containing tryptophan (to support growth of auxotrophic plants). These primary regenerants were allowed to self-pollinate to produce T2 seed. The kanamycin resistance The map distance between PAI7 and m488 was calculated from the 55 recombinant inbred lines using Mapmaker version 2 as described in Methods. PAI7 and PAI2 are located on the map based on the integrated geneticlRFLP map of the Arabidopsis genome (Hauge et al., 1993) . The approximate map position of PAI3 was determined by J.
Bender (personal communication). The numbers to the left of the chromosomes indicate map positions in centimorgans.
segregation ratio of the T 2 plants indicated that four of the 12 antisense transgenic lines obtained appeared to have a single expressed kanamycin resistance locus, and the remaining transgenic lines had functional inserts at multiple loci (J. Li, data not shown). A true-breeding T 3 antisense transgenic line (197-5) and vector control line (199-1) were chosen for detailed characterization.
Phenotypes of the PAH Antisense RNA Mutants
Although the growth rate and morphology of the 197-5 antisense transgenic plants were identical to those of the vector control in the presence or absence of tryptophan ( Figure 8B and data not shown), this line manifested two whole-plant phenotypes that are consistent with a reduced ability to convert PR-anthranilate to CORP. First, as shown in Figure 8A , the 197-5 antisense transgenic plants were resistant to 6-methylProbe =! anthranilate. Anthranilate analogs have previously been shown to have herbicidal activity against a variety of plant species (Thomas, 1984) . The toxicity of at least a subset of these herbicides appears to be a result of the conversion to tryptophan analogs because Arabidopsis trpl, trp2, and trp3 mutants, which are blocked in three different steps of the tryptophan biosynthetic pathway (Figure 1) , are resistant to 5-methylanthranilate (Last and Fink, 1988; Rose et al., 1992) . These antisense plants produced green true leaves, whereas the wildtype or vector control plants produced chlorotic cotyledons and did not make true leaves on 6-methylanthranilate-containing medium. This result is consistent with reduced activity of at least one enzyme in the tryptophan biosynthetic pathway. Second, 197-5 plants are blue fluorescent under UV illumination ( Figure 8B ), suggesting that these plants accumulate anthranilate derivatives. This hypothesis was tested by subjecting extracts from 197-5 leaves to reverse phase HPLC analysis. The antisense plants accumulated a UV-absorptive compound that cochromatographs with anthranilate (3-glucoside from trp1-100 extracts (J. Li, data not shown). To characterize further the presumptive anthranilate-containing compound from 197-5, it was purified by HPLC and treated with almond p-glucosidase (Last and Fink, 1988) , and the products were assayed by HPLC. The resultant UV-absorptive compound coeluted with the authentic anthranilic acid standard (J. Li, data not shown); this is consistent with the hypothesis that the major blue-fluorescent compound accumulated in 197-5 is anthranilate p-glucoside. The accumulation of anthranilate p-glucoside, rather than an N-ribosylated compound, is consistent with previous results indicating that such anthranilate glycosylamines are chemically unstable in vivo and in extracts (Doy et al., 1961) . 
Biochemical and Molecular Characterization of Antisense PAI RNA Mutants
The finding that antisense PAH transgenic plants accumulated anthranilate derivatives and are resistant to 6-methylanthranilate suggests that there is a significant reduction of PAI enzyme activity in these plants. As shown in Table 2 , assays of PAI enzyme activity in leaf tissue demonstrated that 197-5 plants produced ~15% of the PAI activity found in the wild-type, vector control, or trpl-100 positive control plants. In contrast, the activity of the previous enzyme in the pathway (PR-anthranilate transferase) was similar in the wild-type and antisense 197-5-and vector 199-1-transformed plants and reduced in the control trpl-100 plants. Consistent with the results of enzyme assays, immunoblot analysis showed that leaves of the antisense plants accumulated ^10% of control levels of PAI cross-reactive material ( Figure 9A and Table 2 ). That PRanthranilate transferase, ASA, and tryptophan synthase a and P subunits accumulated to wild-type levels (Figures 9B to 9D and 
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Col-0 trp1-100 to the case for many bacteria and fungi in which PAI, indole-3-glycerolphosphate synthase, and ASA are often synthesized as a multifunctional polypeptide (Mutter et al., 1986) . This observation extends previous observations indicating that plant PR-anthranilate transferase, ASA, and the tryptophan synthase P subunit are encoded as monofunctional enzymes (Berlyn et al., 1989; Niyogi and Fink, 1992; Rose et al., 1992) . Unlike microorganisms, the plant tryptophan pathway apparently consists of monofunctional enzymes.
Duplication of expressed sequences is a common feature in plants, including the relatively small genome of Arabidopsis. For example, McGrath et al. (1993) estimated that 17% of 90 independent randomly selected cDNAs hybridized to nontandemly duplicated loci in the Arabidopsis genome. Although the amount of nucleotide conservation varies widely among
DISCUSSION
We have characterized three Arabidopsis genes encoding PAI, the third enzyme of the tryptophan biosynthetic pathway (Figure 1) . The cDNA clones were isolated by complementation of an £ co// trpC9830 mutation with an Arabidopsis cDNA expression library in XYES (Elledge et al., 1991) . Comparison of the sequences of these cDNAs indicates that they produce nearly identical isoforms, encoded by the genes PAH and PAI2. Genomic DNA gel blot hybridization with these cDNAs revealed that there is an additional PAI gene that was not identified by cDNA analysis (Figure 2) .
The predicted amino acid sequences of the three PAI genes are homologous to those from bacteria and fungi, as shown in the boxed areas in Figure 5 . Strikingly, the predicted PAH and PAI2 proteins are virtually identical, with only a single conservative amino acid change from Glu to Asp in a total of 275 amino acids. In contrast, the PAI3 protein has 18 or 19 amino acid residue differences compared with PAH and PAI2. None of these changes are located in the five highly conserved domains observed in the protein sequence alignment ( Figure 5 ).
Two lines of evidence indicate that all three PAI genes are transcribed in Arabidopsis leaf tissue. First, approximately equal numbers of PAH and PAI2 cDNAs were isolated by functional complementation in £ co//. Second, RNA blot hybridization analysis of total Arabidopsis leaf RNA with gene-specific oligonucleotide probes showed that the PAI3 mRNA signal was approximately equal to that of PAH and PAI2 combined (Figure 7A) . However, the question of whether the three PAI genes are subject to spatial, developmental, or environmental regulation awaits further investigation.
YAC hybridization and genetic mapping results are consistent with the notion that the three PAI genes are nonallelic and unlinked. PAH mapped close to m488 at the top of chromosome 1, PAI3 mapped at ~50 cM on chromosome 1, and PAI2 was linked to ASA? on chromosome 5 (Figure 6 members of well-characterized plant gene families, in published examples, nonallelic genes that are absolutely conserved or nearly identical tend to be present in tandem repeats. For example, two genes for tobacco sesquiterpene cyclase (€AS7 and €AS2), which are separated by 6 kb, are absolutely identical, including 388 nucleotides upstream and 40 nucleotides downstream of the transcription start site (Facchini and Chappell, 1992) . Similarly, there are six genes for the ice plant ribulose bisphosphate carboxylase/oxygenase small subunit family, five of which are closely linked (DeRocher et al., 1993) . Two genes of this tandem cluster (rbcS-4 and rbcS-5) are absolutely conserved at the nucleotide leve1 throughout the transcribed region. Thus, it is remarkable that the PAI7 and PAI2 loci are 99% identical throughout -2350 nucleotides, including introns and flanking nontranscribed regions, despite the fact that they mapped to separate chromosomes.
The finding that the PAI7 and PA/2 genes are virtually identical, including hundreds of base pairs of flanking and intronic sequences (Figure 3 ), is consistent with an actively evolving gene family. One possibility is that these genes were created by a relatively recent gene duplication event. An alternative hypothesis is that there may be an active recombinational mechanism maintaining the homogeneity of these two unlinked sequences. There is evidence for gene conversion between nonallelic genes influencing the rate of nucleotide divergence in plants (see Meagher et al., 1989) . The presence of two direct repeat sequences flanking PAI7 (Figure 4 ) may have a role in maintaining the high degree of sequence similarity. For example, it is possible that this repeat was created by a recent transpositional or recombinational event. The existence of such highly conserved genes should provide a system for future studies of gene duplication and sequence evolution. If this gene family is as evolutionarily dynamic as our data suggest, it should also provide opportunities for phylogenetic studies of populations of Arabidopsis and related species. Previous attempts to identify mutants lacking PAI activity failed, presumably due to the presence of three expressed genes in the COLO ecotype. In this study, the antisense RNA approach was successfully employed to obtain PAI-deficient plants, despite the existence of a multigene family. This is an especially important observation because future studies of aromatic secondary metabolism will benefit from the availability of plants blocked at each step of indole ring biogenesis. The observation that enzyme activity is decreased in the antisense plants confirms that these PAI genes, which were identified by functional complementation, encode Arabidopsis PAI. The phenotype of these antisense PAI7 plants resembles that of leaky trp7 mutants, which are defective in PR-anthranilate transferase (Rose et al., 1992) , the enzyme catalyzing the preceding biosynthetic reaction (Figure 1) .
It is surprising that no tryptophan-requiring auxotrophs were recovered among the antisense transgenic plants. One possible explanation is that tryptophan auxotrophic calli grew significantly more slowly than the prototrophs, despite the presente of 50 pM tryptophan in the tissue culture media. In this scenario, the auxotrophs would not be identified as healthy kanamycin-resistant calli or shoots. Such slow growth in tissue culture has been observed for trp7-7 (A.B. Rose, unpublished data). Alternatively, examination of a larger collection of transgenic lines may be necessary to identify antisense plants that possess sufficiently low PAI activity to require tryptophan for growth. A third possible explanation is that expression of the antisense PAI7 differentially decreases expression of the three genes. Analysis of a larger collection of transgenic lines should allow us to test these hypotheses.
METHODS
Plant Culture
The Arabidopsis thaliana Columbia (Col-0) wild-type ecotype was grown on sterile agar media or Redi-Earth (Grace-Sierra, Milpitas, CA) under continuous illumination (80 to 120 pmol m+ sec-l) at 22% as described previously (Last and Fink, 1988 ). lnhibitor resistance was tested on sterile PNS agar medium (Haughn and Somerville, 1986) containing 300 pM 6-methylanthranilate and 25 pM L-tryptophan. The ' plants were scored 3 weeks postimbibition. Transgenic T3 plants used for phosphoribosylanthranilate (PR-anthranilate) transferase (PAT) or phosphoribosylanthranilate isomerase (PAI) enzyme activity assays were grown on soil-less mix for 2 weeks, after transferring from agar PNS medium containing 50 pg/mL kanamycin. lsolation of Arabidopsis PAI cDNAs Descriptions of the plasmids generated in this study are summarized in Table 1 . Arabidopsis PAI cDNAs were isolated based on the ability to complement an Escherichia coli trpC-mutation according to the method described by Elledge et al. (1991) . E. coli trpC9830, defective in PAI (Yanofsky et al., 1971; Schechtman and Yanofsky, 1983) , was lysogenized with 1KC (which encodes the Cre recombinase necessary for conversion of 1YES to the plasmid form) to produce strain RLB809. This Trp-strain (1.6 x 1Ol0 cells) was infected with 3.6 x 108 plaque-forming units of an Arabidopsis cDNA expression library in 1YES and grown on the tryptophan-deficient medium of Vogel and Bonner (1956) , which contains E salts with 1% dextrose and 2.5% casein hydrolysate (salt-and vitamin-free grade; ICN Biochemicals, Cleveland, OH) plus 50 pg/mL ampicillin. Eighteen colonies were picked from 111 positive colonies, and the pYES plasmids (derived by Cremediated site-specific recombination of 1YES) isolated from them were designated pJL19 through pJL36. The five cDNA inserts of different lengths from pJL24, pJL26, pJL28, pJL29, and pJL33 were subcloned in both orientations into pBluescript I 1 KS+ or SK+ (Stratagene), yielding pJL166 and pJL167, pJL48 and pJL49, pJL168 and pJL169, pJL170 and pJL171, and pJL50 and pJL51, respectively.
Screening an Arabidopsis Genomic Library
The Pstl fragment containing the 700-bp PAI7 cDNA from pJL48 was used as a hybridization probe to screen an Arabidopsis (Col-O ecotype) genomic library (Clontech, Palo Alto, CA) in lEMBL3 by plaque hybridization. A total of 51 positive clones were obtained from the screening of 250,000 pfaques. The representative PAI7, PAI2, and PAI3 genomic DNAs shown in Figure 2 were subcloned into pBluescript II KS+ or SK+. For sequencing purposes, two partia1 PAI7 fragments were further subcloned in both orientations into pBluescript II SK+: a 2.0-kb Sacl fragment in pJL60 and pJL61, and 2.2 kb of EcoRV in pJL62 and pJL63. For sequencing PAI2 and PAI3, a 3.6-kb Xbal fragment and a 5.1-kb Sall-EcoRI fragment were further subcloned in both orientations into pBluescript II KS+ or SK+ to create pJL118, pJL120, pJL193, and pJL194 (Table 1) .
DNA and RNA Manipulations
Bacteriophage X DNA was prepared according to the method described by Santos (1991) or the Magic Lambda Prep DNA purification system (Promega). Plant DNA and total RNA were extracted from the 2-to 4-week-old rosettes as previously described (Cone, 1989; Nagy et al., 1989) . DNA and RNA manipulations and analyses were performed using published protocols . DNA probes longer than 300 bp were radioactively labeled using the random hexamer labeling method (Feinberg and Vogelstein, 1983) . Genomic DNA gel blots were hybridized at 65OC for 18 hr in Church buffer (Church and Gilbert, 1984) and washed twice at 65% for 15 min with 0.1 x SSC (1 x SSC is 0.15 M NaCI, 0.015 M sodium citrate), 0.1% SDS.
The oligonucleotides JL1 (5'-GGATCTTGTTCTTGAGAGCCCAAC-GACATTATTACGGTG-3') and JL2 (5'-GGGCCAAAAGCAGCTGCCTCTCGCTCGTCTmGTGGACTAGG-31 were used as gene-specific hybridization probes. JL1 is complementary to bases 1670 to 1708 of the PAI7 and PAI2 sequences, and JL2 is complementary to bases 1684 to 1731 of PA/3 (see Figure 3) . The oligonucleotides were 3'end labeled with terminal deoxynucleotidyl transferase, and hybridizations using oligonucleotide probes were performed for 16 to 24 hr at 45% as described by Pruitt and Last (1993) . The filter hybridized with oligonucleotide JL1 was washed twice at 45OC for 10 min each in 6 x SSC, 0.1% SDS, followed by two 15-min washes at 45OC in 6 x SSC, 0.1% SDS. The filter hybridized with oligonucleotide JL2 was washed in the same way as JL1 except at 65OC. Gene-specific hybridization was confirmed using in vitro-transcribed sense RNAs from PAI2 (pJL167) and PAI3 (pJL257) as templates.
Genomic DNA and cDNA sequencing was performed using the multiwell Microtitre Plate DNA sequencing system (Amersham, Arlington Heights, IL) on overlapping unidirectional deletion series prepared as described by Rose et al. (1992) . The GenBank and EMBL protein data bases were searched using the FASTA algorithm (Pearson and Lipman, 1988) . Multiple sequence alignment of DNAor protein was performed using the PILEUP program of the University of Wisconsin, Madison, Genetics Computer Group package, and the pairwise identity was determined by the Clustal software package (Higgins et al., 1992) .
PAI Mapping
The PAI7 gene was mapped using 55 recombinant inbred lines generated from the cross between the Col-O and Landsberg erecta (Ler) ecotypes of Arabidopsis (Lister and Dean, 1993) . A genomic DNA fragment of 1347 bp containing a Fokl restriction fragment length polymorphism (RFLP) was amplified by polymerase chain reaction as described previously (Konieczny and Ausubel, 1993) using the primers JL3 (5'-GTAGAGGATTGAGCTTAAGGCAAG-3? and JL2381 (5'-AGC- at an annealing temperature of 56%. JL3 is a fAl7-specific sequence (-396 to -373) , and JL2381 is complementary to bases 948 to 971 of the PAI7 or ?AI2 sequence (see Figure 3) . Fokl digestion of amplified products (1347 bp) from the Ler or COLO parenta1 ecotypes yielded 979-or 882-bp products, respectively. The linkage of PAI7 and the RFLP markers was determined using Mapmaker (Lander et al., 1987) , using data obtained from 'An Arabidopsis thaliana Database" (AAtDB). The map positions indicated in Figure  6 are from the integrated geneticIRFLP map (Hauge et al., 1993) . The relative positions of PAI1 and M488 are reversed from the order indicated in Figure 6 on the latest Lister and Dean recombinant inbred line map.
Three yeast artificial chromosome (YAC) libraries (Ecker, 1990; Ward and Jen, 1990; Grill and Somerville, 1991) were screened with genespecific single-copy hybridization probes located adjacent to the PAI structural genes: the 0.35-kb Xhol fragment containing the directly flanking repeated sequence (Figure 4 ) from pJL94 for PAI7, the 1.0-or 6.5-kb Sall-Xbal fragments from pJL58 for PAI2, and a 0.55-kb Clal fragment from pJL178 for PAl3. Yeast colony filters were prepared as outlined by Coulson et al. (1988) with the modifications described in Schmidt et al. (1992) . Probe labeling, hybridization, and washing conditions were performed according to Schmidt et al. (1992) . Genomic DNA of yeast colonies was prepared as described by Schmidt et al. (1994) . The analysis of YAC clones containing PAI gene sequences was performed using DNA gel blots of yeast genomic DNA digested with EcoRl and BamHI. lntact chromosomal DNA of YAC clones was prepared and subsequently separated by pulsed-field gel electrophoresis to analyze the size of YACs (Schmidt et al., 1994) . The PAl7 probe detected 12 YAC clones (EG8A12, EG8Bl1, EG22C6, EWllF9, EW13E7, EW18C3, EW20B12, yUP5H2, yUP9D5, yUPlOB6, yUPlOD1, and yUP22C7); PAI2-and PAIS-specific sequences were identified in six (EW5A4, EW7E12, EW8B9, EW9F12, EWl6C1, and yUP3El) and five (EG2F12, EG89F12, EW9E7, yUP6A5, and yUP24B3) YAC clones, respectively. Antibody Production, lmmunoblot Analysis, and Enzyme Assays Production of rabbit anti-PAI2 antisera, protein gel electrophoresis, immunoblotting, and Phosphorlmager (Molecular Dynamics, Sunnyvale, CA) radioactivity quantification were performed as described by Zhao and Last (1995) . The activities of PAI and PAT enzymes were assayed according to published methods (Last and Fink, 1988) . Protein concentration was measured with a protein dye binding assay kit (Bio-Rad), using BSA as the standard.
Analysis and ldentification of Anthranilate P-Glucoside by HPLC Rosette-stage leaf tissue (100 mg) was ground to a fine suspension in 200 pL of 100% (v/v) methanol in asmall ground-glass homogenizer. The extracts were clarified by centrifugation at 14,0009 for 3 min. The pellet was reextracted with 200 pL of distilled water and centrifuged as given previously. Fifty microliters of the combined supernatant was subjected to C18 reverse phase chromatography by a slight modification of a published procedure (Li et al., 1993) . A linear gradient of acetonitrile ran from 2 to 7% for 5 min and was constant at 7% for 15 min. A linear gradient of 7 to 22% was then applied for 25 min and was followed by a linear gradient of 22 to 100% for 10 min. Elution was monitored at 330 nm. For identification of the anthranilate P-glucoside, 25 g of rosette leaf tissue from trp7-700 or JL197-5 plants was extracted with 50 mL of 100% methanol and reextracted with 50 mL of distilled water. The supernatants were concentrated to 0.5 to 1.0 mL under reduced pressure. The concentrated crude extract was clarified at 14,0009 for 3 min, and chromatography was performed as described previously.
The fractions with the peak at retention time of 10.5 min were collected, dried under reduced pressure, and dissolved in 400 pL of distilled water. This purified sample (20 pL) was digested with 5 units of almond B-glucosidase (Sigma) at 37OC for 2 hr in 200 pL of 50 mM acetate, pH 5.0. After digestion, a 50-vL sample was analyzed by HPLC with or without the authentic anthranilate standard (Sigma).
Construction of Arabidopsis PAI Antisense Transgenic Plants An antisense construct was produced that expresses nearly the entire PAl7 cDNA coding sequence from the cauliflower mosaic virus 35s promoter. A 0.8-kb PAl7 cDNA fragment from pJL169 (corresponding to the exonic sequences from -83 to +I475 in Figure 3 ) was created by complete EcoRl digestion, followed by partia1 digestion with Pstl, and this fragment was rendered blunt ended with the Klenow fragment of DNA polymerase I. To express this sequence in the antisense orientation, it was cloned behind the 35s promoter present on the pB1121 (Clontech)-derived plasmid pAR140 (pAR140 contains the appropriate EcoRI-Hindlll fragment from pB1121 cloned into EcoRIIHindlll-cleaved pBluescript II KS+). pAR140 was digested with Smal, and the bluntended PAl7 fragment was ligated to create pJL189. The 1.8-kb HindlllSacl fragment from pJL189 that contains the 35s-PAI1 cDNA fusion construct was then recloned into the larger Hindlll-Sacl fragment of pB1121 to construct the binary transformation plasmid pJL197, which was introduced into Agrobacterium fumefaciens LBA4404 by electroporation.
Arabidopsis root transformation was performed according to the methods described previously (Valvekens et al., 1988; Rose et al., 1992) , with the following modifications. Roots were obtained by germination and 10-day growth of seedlings in a 500-mL Ehrlenmeyer flask containing 100 mL of half-strength liquid Murashige-Skoog salts (Sigma), pH 5.8, and 1% sucrose with agitation at 100 to 150 rpm under continuous rmm illumination (10 pmol m-2 sec-l). Kanamycin was omitted from root-inducing medium plates to facilitate root induction, and PNS medium replaced glucose medium for enhanced root growth prior to transfer to soil-less mix. The kanamycin resistance of the transgenic plant progeny was tested on PNS medium containing 50 pg/mL kanamycin. All sterile media were supplemented with 50 pM L-tryptophan.
